Background-The utility of single versus combined blood pressure (BP) components in predicting cardiovascular disease (CVD) events is not established. We compared systolic BP (SBP) and diastolic BP (DBP) versus pulse pressure (PP) and mean arterial pressure (MAP) combined and each of these 4 BP components alone in predicting CVD events. Methods and Results-In participants in the original (nϭ4760) and offspring (nϭ4897) Framingham Heart Study who were free of CVD events and BP-lowering therapy, 1439 CVD events occurred over serial 4-year intervals from 1952 to 2001. In pooled logistic regression with the use of BP categories, combining SBP with DBP and PP with MAP improved model fit compared with individual BP components (PϽ0.05 to PϽ0.0001). Significant interactions were noted between SBP and DBP (Pϭ0.02) and between PP and MAP (Pϭ0.01) in their respective multivariable models. Models with continuous variables for SBPϩDBP and PPϩMAP proved identical in predicting CVD events (Akaike Information Criteriaϭ10 625 for both). Addition of a quadratic DBP 2 term to DBP and SBP further improved fit (Pϭ0.0016).
A lthough hypertension is a well-established risk factor for cardiovascular disease (CVD) events, uncertainty exists regarding the relative importance of various blood pressure (BP) components in predicting risk. Historically, diastolic blood pressure (DBP) was considered a better predictor than systolic blood pressure (SBP) because it was thought to represent the resistance that the heart had to overcome to eject blood. 1, 2 It was not until the 1970s and 1980s that SBP was accepted as a clinically useful predictor of coronary heart disease, stroke, and heart failure; in older people, SBP was shown to be superior to DBP as a predictor of risk. [3] [4] [5] 
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More recently, in the 1990s, pulse pressure (PP), an indicator of arterial stiffness, was shown to be useful in predicting CVD events in the eldery. 6 -14 However, contro-versy persists regarding which BP component is superior as a predictor of CVD events. [15] [16] [17] [18] [19] [20] [21] In an attempt to reconcile some of these differences, investigators at the Framingham Heart Study 22 and others [23] [24] [25] have shown age to play an important role in modifying the relation of BP components to CVD risk. With increasing age, there is a gradual shift from DBP to SBP and then to PP as predictors of risk. Importantly, a follow-up study of the Multiple Risk Factor Intervention Trial (MRFIT) 26 participants concluded that CVD risk assessment was improved by considering both SBP and DBP jointly compared with SBP, DBP, or PP separately.
In summary, there still is uncertainty regarding the utility of single versus combined BP components in predicting CVD events. Furthermore, there is a suggestion in the literature that CVD risk attributable to hemodynamic factors may be assessed more clearly by a model that considers physiological rather than traditional (ie, SBP, DBP) components of BP, with PP serving as an indicator of large-artery stiffness (pulsatile load) and mean arterial pressure (MAP) serving as an indicator of peripheral resistance and cardiac output (steady flow load). We therefore asked the following questions: (1) Is it helpful for predicting CVD risk to use combined BP components instead of any 1 of the 4 single BP components? (2) Which combined model is more useful in predicting CVD risk: SBP and DBP or PP and MAP? (3) Are there nonlinear associations of 1 or more BP components in predicting CVD risk, and, if so, what is the clinical relevance?
Methods

Overview
The Framingham Heart Study began in 1948 with the enrollment of 5209 men and women, 28 to 62 years of age at entry, with participants undergoing repeated examinations biennially. 27, 28 In 1971, 5124 men and women who were children or the spouses of children of the original Framingham Heart Study were enrolled in the Framingham offspring cohort. 29 The offspring cohort underwent repeat examinations approximately every 4 years. Each examination included an extensive CVD history and physical examination, 12-lead ECG, and various blood chemistries. Detailed descriptions of study design, the method for assessing BP, and the method of classifying CVD end points have been published elsewhere. 30, 31 
Study Sample
The present study sample comprised 4760 participants from the original Framingham Heart Study cohort and 4897 participants from the Framingham offspring cohort who were free of CVD events at an index examination and not receiving antihypertensive therapy. We began with the third biennial examination in the original cohort (1952) (1953) (1954) (1955) (1956) ) and the first examination of the offspring cohort (1971) (1972) (1973) (1974) (1975) and extended our evaluation through November 1999, corresponding to the 25th examination (1997) (1998) (1999) in the original and seventh examination (1998 -2001) in the offspring cohort.
Definition of BP Categories
We conducted 2 separate analyses: 6-by-6 cross-classification of combined SBPϩDBP versus combined PP (defined as PPϭSBPϪDBP in mm Hg) and MAP (defined as MAPϭ1/3 SBPϩ2/3 DBP in mm Hg), using the Sixth Report of the Joint National Committee on Prevention, Detection, Evaluation, and Treatment of High Blood Pressure (JNC-6) 32 BP categories for SBPϩDBP and corresponding values for PPϩMAP. The SBP categories were Ͻ120 (optimal BP), 120 to 129 (normal BP), 130 to 139 (high-normal BP), 140 to 159 (stage 1 hypertension), 160 to 179 (stage 2 hypertension), and Ն180 mm Hg (stage 3 hypertension). The DBP categories were Ͻ70, 70 to 79, 80 to 89, 90 to 99, 100 to 109, and Ն110 mm Hg. The PP categories were Ͻ40, 40 to 49, 50 to 59, 60 to 79, 80 to 99, and Ն100 mm Hg. The MAP categories were Ͻ90, 90 to 94, 95 to 99, 100 to 109, 110 to 119, and Ն120 mm Hg. Using these categories for PPϩMAP (and SBPϩDBP), we constructed 6-by-6 cross-classification tables and graphs.
Assessment of Risk Factors and Cardiovascular Events
Current cigarette smoking was defined as regularly smoking cigarettes at any time during the prior year. Body mass index was calculated as body weight (in kilograms) divided by the square of height (in meters). A fasting blood glucose level of Ն7.0 mmol/L (126 mg/dL) (in the offspring cohort), a nonfasting glucose of Ն11.0 mmol/L (Ն200 mg/dL) (in the original cohort), or use of hypoglycemic medications (in both cohorts) defined diabetes mellitus. CVD events were defined as the occurrence of a first myocardial infarction, coronary insufficiency, sudden CVD death, stroke, or heart failure. The criteria for diagnosis of these specific CVD events are described elsewhere. 31 
Data Analysis
The database was reconstructed to create 3-to 5-year intervals (averaging 4.24 years [minimumϭ3.00, maximumϭ4.99]), each of which was assessed for the occurrence of CVD events as described below. Pooled logistic regression was used in participants free of antihypertensive therapy at the index examination in each 4-year cycle, and multiple observations per subject were generated from the merged Framingham original and offspring cohorts to maximize the number of person-observations. After the initial occurrence of a qualifying CVD event, subsequent observations for that participant were truncated and did not contribute any further person-observations.
Pooled logistic regression was used to examine the relation of combined SBPϩDBP (or PPϩMAP) categories with CVD risk.
Covariates in each probability model included male sex, nondiabetic, nonsmoking status, examinations 1 and 12 to estimate secular trend (in which examination 12 in the original cohort corresponded to examination 1 in offspring cohort), and mean values of age, total cholesterol, and body mass index. Odds ratios (ORs) and 95% CIs were determined for each individual cell in 6-by-6 crossclassification tables for models containing SBPϩDBP or PPϩMAP; each model included a reference cell and 35 indicator or dummy variables, constructing ORs for each, with lowest SBP/DBP or PP/MAP cells as the reference category. The cells containing Ͻ10 events were not collapsed but instead remained blank to indicate insufficient events per cell. Likelihood ratio 2 statistics for model fit were compared in models containing SBPϩDBP (or PPϩMAP) with the addition of the interaction terms of SBPϫDBP (or PPϫMAP) versus only the main effects of SBPϩDBP (or PPϩMAP) to examine whether the interaction between these BP components significantly improved prediction of CVD events. In addition, ORs and 95% CIs for predicting CVD events were calculated from JNC-6 categories 32 for SBP and DBP groups, including prehypertension 33 (SBP 120 to 139 mm Hg and DBP 80 to 89 mm Hg), isolated systolic hypertension (ISH) (SBP Ն149 and DBP Ͻ90 mm Hg), and systolic-diastolic hypertension (SBP Ն140 and DBP Ն90 mm Hg). Absolute rates (per 100 person-years) were also plotted in each cell for the combined SBPϩDBP and combined PPϩMAP crossclassification tables calculated from the predicted probability equation derived from the logistic regression program after setting covariates to mean levels: age 52.3 years, total cholesterol 219 mg/dL, body mass index 25.9, male, nonsmoker, nondiabetic, and secular trend set to visit 12.
In addition, pooled logistic regression probability models incorporated BP components as continuous variables, with the same adjustments for age, sex, and covariates that were used for categorical analysis. DBP 2 and SBP 2 terms were added to the combined SBPϩDBP model, and MAP 2 and PP 2 terms were added to the combined PPϩMAP model to test for linear or quadratic relationships. Finally, interaction terms of SBPϫDBP and PPϫMAP were added to the model containing the combined BP components and quadratic terms to determine whether the effects of SBPϩDBP or PPϩMAP depended on each other.
We tested for the interaction of age and sex in modeling for CVD risk. We used Akaike Information Criteria to test whether models of PPϩMAP outperformed models of SBPϩDBP with regard to predicting CVD risk. SAS statistical software (SAS Institute, Cary, NC) was used. 34 Area under the curve of the receiver operating characteristic curve was used to quantify whether combined BP components improved prediction of CVD events over single BP components. Area under the curve comparison was computed with the use of the roccomp command in Stata version 10.0 (Stata Corporation, College Station, Tex).
The authors had full access to and take responsibility for the integrity of the data. All authors have read and agree to the manuscript as written.
Results
Final Study Sample
There were a total of twelve 4-year intervals that generated 3345 CVD events and 89 060 person-observations. We excluded 790 CVD events and 35 502 person-observations because they did not occur during the structured 4-year intervals, 987 CVD events and 10 359 person-observations because of use of antihypertensive therapy, and 129 CVD events and 1675 person-observations because of missing covariates. After these exclusions, 41 524 person-observations and 1439 CVD events remained eligible for analysis. There was a mean of 1221 person-observations and 48 events (range, 11 to 106) per cell for the combined PPϩMAP tables and a mean of 1339 person-observations and 54 events (range, 12 to 148) per cell for the combined SBPϩDBP tables. Table 1 outlines the characteristics of study participants at the initial qualifying examination. Women constituted 54% of the sample. Participants at the first index examination had a mean age of 42 years.
Models Treating BP Components as Categories
The number of CVD events and person-observations per cell for the 6-by-6 cross-classification of mean SBPϩDBP are shown in Table 2 . (Mean values per cell for combined SBPϩDBP are shown in the online-only Data Supplement, Table I .) The corresponding adjusted ORs and 95% CIs are presented in Table 3 . The pooled regression model containing both SBPϩDBP was superior to either SBP or DBP alone in predicting CVD events (Table 3, Table 4 , Figure 1 ). Furthermore, the model of SBPϩDBP containing the interaction Table II ). The number of CVD events and person-observations per cell for the 6-by-6 cross-classification of PPϩMAP is shown in Table 5 . (Mean values for combined PPϩMAP per cell are shown in the Data Supplement, Table III .) The corresponding adjusted ORs and 95% CIs are presented in Table 6 . The pooled regression model containing the combination of PPϩMAP was superior to either PP or MAP alone in predicting CVD events ( Table 6 , Table 4 , Figure 2 ). In addition, the model of PPϩMAP, containing the interaction term of PPϫMAP, significantly improved model fit over the main effects of PPϩMAP alone, indicating that the effect of 1 component on risk varied according to the levels of the second component (Table 4 ). Similar findings were noted for absolute rates of CVD risk (Data Supplement, Table IV ). In summary, these categorical analyses show that the combination of SBPϩDBP or the combination of PPϩMAP was superior to single BP components in predicting CVD risk.
Furthermore, models based on JNC-6 categories for SBP and various DBP groups, utilizing all 41 524 personobservations and 1439 CVD events, were constructed with optimal BP (SBP Ͻ120 and DBP Ͻ80 mm Hg) serving as the reference group. Persons with prehypertension (SBP 120 to 139 mm Hg) in whom DBP was Ͻ70 mm Hg (mean 127/ 65 mm Hg) had an ORϭ2.0 (95% CI, 1.5 to 2.6) for CVD events, which was comparable to those with stage 1 ISH (SBP 140 to 159 mm Hg) in whom DBP was 70 to 89 mm Hg (mean 147/81 mm Hg) (ORϭ2.0 [1.6 to 2.5]). Similarly, persons with stage 1 ISH (SBP 140 to 159 mm Hg) in whom DBP was Ͻ70 mm Hg (mean 147/64 mm Hg) had an ORϭ3.0 (2.1 to 4.3) 
Models Treating BP Components as Continuous Variables
In a model adjusted for age, sex, and other covariates, the odds of CVD events increased with increasing SBP (OR per SDϭ1.39; Pϭ0.0001) or increasing DBP (OR per SDϭ1.25; Pϭ0.0001). Model fit was not improved when DBP was added to SBP; however, adding a DBP 2 term (but not SBP 2 ) to DBPϩSBP improved model fit (Table 4) , indicating a nonlinear relation between CVD risk and DBP. Adding SBP 2 to DBPϩSBP did not improve the fit. Therefore, for any given SBP Ն120 mm Hg, odds of CVD events increased at both high and low extremes of DBP; in contrast, for any given DBP, odds of CVD events increased monotonically with increasing SBP. Furthermore, model fit improved with addition of an SBPϫDBP interaction term, indicating that the effect of SBP or DBP on CVD risk is modified by the level of the alternate BP component (Table 4) , consistent with the categorical model. Similarly, in separate models, the odds of CVD increased with increasing PP (OR per SDϭ1.34; PϽ0.0001) or increasing MAP (OR per SDϭ1.35; PϽ0.0001). When MAP was added to PP, the fit improved significantly (Table 4 ). In contrast, adding MAP 2 or PP 2 to MAPϩPP did not improve the fit, consistent with a linear relation. Therefore, for any given PP, the odds of CVD events increased linearly with increasing MAP; similarly, for any given MAP, the odds of CVD events increased linearly with increasing PP. Model fit was improved after addition of a PPϫMAP interaction term, indicating that the effects of PP and MAP on CVD risk are modified by the level of the alternate BP component, consistent with the categorical models. 
Secondary Analyses
There was no significant age or sex interaction in modeling for CVD risk. Akaike Information Criteria was identical (10 625.04) for models of SBPϩDBP versus MAPϩPP when BP components were treated as continuous variables. Receiver operating characteristic curves for each model comparison (Table 4) show better fit for combined BP components than for single ones when fully adjusted for covariates and clinically relevant improvement in fit without adjustments.
Discussion
The present study showed that the combined BP components of SBPϩDBP or those of PPϩMAP were superior to single BP components in predicting CVD risk. Indeed, the findings that combined SBPϩDBP was superior to SBP alone in predicting CVD risk confirmed the MRFIT study 26 and extended the findings to older people and to women. Moreover, combined SBPϩDBP and combined PPϩMAP were equally predictive of CVD risk, with neither model outperforming the other by Akaike Information Criteria. Finally, of the 4 BP components, only DBP showed a nonlinear, quadratic relation with CVD risk. The J-shaped relation to CVD risk that is associated with DBP presumably reflects, in large measure, increased arterial stiffness as manifested by a low DBP (and,by definition, a high PP).
Utility of Paired PP and MAP Versus Paired SBP and DBP
Because PPϩMAP is derived exclusively from SBPϩDBP, it cannot be superior to the latter pairing in predicting CVD risk, and this was confirmed by Akaike Information Criteria. Nevertheless, combined PPϩMAP can be considered superior to combined SBPϩDBP in interpreting the relative role of both stiffness and resistance in contributing to CVD risk. Individual components can assess stiffness or resistance but cannot assess both of these factors. These findings were not unexpected, in that DBP rises with increases in vascular resistance and falls with increased large-artery stiffness. 9 On the other hand, the traditional combined SBPϩDBP remains the clinical model of choice because these components are measured by the physician, and clinical trials of BP-lowering therapy were predicated on SBP and DBP but not PP or MAP. Moreover, despite the quadratic relation of DBP to CVD risk, increased vascular resistance can be deduced indirectly from concordantly high DBP and SBP, whereas increased arterial stiffness can be deduced indirectly from discordantly high SBP and low DBP, resulting in a high PP. 9, 26 Clinical Implications 36 and the recognition of their CVD risk by virtue of crossclassification of BP components may represent an important insight to guide preventive and therapeutic care.
Strengths and Limitations
The strengths of our investigation included a wide age range, inclusion of both men and women, and the standardized measurements available from the well-characterized Framingham Heart Study cohorts. The pooled logistic regression utilized repeated 4-year intervals, which had the advantage of maximizing the person-observations available for the study and minimizing interaction by age and sex. On the other hand, the 4-year follow-up intervals are not representative of longer-term risks. Indeed, we have shown important effect modifications by age and sex with longer-term risk in a previous report in this study sample. 22 We examined single and combined BP components defined categorically on the basis of JNC-6 categories, as well as continuously for assessing CVD risk. The analysis using categories is more suitable to clinical interpretation, whereas when the BP components are defined continuously, it allows for a more direct comparison of their relative effects as well as assessment of linear and nonlinear relations of BP components in predicting CVD risk. ' Our sample consisted primarily of white individuals and therefore may not be representative of other ethnic or racial groups. Finally, our data do not provide insight into how more contemporary cohorts of treated persons may fare with respect to CVD risk.
Perspective
Previous studies that championed a single BP component as the "the best" predictor of CVD risk examined a limited spectrum of the overall hypertensive population. Our results confirm the importance of combining BP components, such as SBP and DBP or PP and MAP, to improve stratification of CVD risk. Indeed, when PP, a measurement of stiffness, was combined with MAP, a measurement of resistance, we were able to relate the 2 major physiological components of hydraulic load to clinical outcome; single BP components cannot do this. Our results have a bearing on the current US guidelines 33 that use both SBP and DBP, whichever is higher, for determining BP stage. Although these guidelines take into account the importance of increased vascular resistance, they undervalue the importance of increased arterial stiffness (ie, increase PP and low DBP), which is common in older persons, especially those with prehypertension and ISH with DBP Ͻ70 mm Hg.
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